Introduction

25
The term "street canyon" describes a restricted space (poor air ventilation) with surrounding 26 buildings along both sides of the urban street. Vehicle emissions are dominant among various 27 anthropogenic pollutant sources in urbanized areas (Liu et al., 2005) . A combination of vehicle 28 emissions and reduced dispersion caused by surrounding buildings could result in poor air quality at 29 the pedestrian level, thereby leading to associated public health effects for those exposed to such 30 environments (Solazzo et al., 2011) . Understanding the dispersion and transport of reactive 31 pollutants in urban street canyons is important to effectively quantifyand develop policies to 32 mitigatesuch impacts. 33
Various approaches have been undertaken over recent years to tackle the issue of air pollution 34 inside street canyons. The most fundamental approach is direct field measurement, which can 35 provide the first-hand and useful information. Examples of such approach include the studies by 36 Xie et al. (2003) , Kumar et al. (2008) and Prajapati et al. (2009) . However, there are several 37 disadvantages of field measurements, e.g. challenges to data interpretation, uncontrollable 38 meteorological conditions, low spatial coverage, and high expense. An alternative approach is 39 physical modelling, such as wind tunnels, e.g. Sagrado Li et al. (2008a) . Physical modelling offers the advantages of fully controlling testing 42 parameters and sampling points so as to provide useful data for the evaluation of numerical models. 43
However, there is a challenge for such models to replicate fully the large-scale atmospheric 44 turbulence of the real world due to the scale limitation. Another useful alternative approach is 45 numerical simulation (e.g. computational fluid dynamics, CFD). With rapid development of 46 advanced computer technology, CFD has become a useful tool to explore experimental flow and 47 pollutant dispersion problems (Chang, 2006) , providing a complete view of distribution of flow and 48 pollutant fields at high-resolution in both time and space. The most comprehensive applications of 49 CFD have been based on Reynolds-averaged Navier-Stokes (RANS) equations and large-eddy 50 simulation (LES). RANS can only predict mean information about the flow and pollutant fields, 51 while LES also provides the turbulent information about unsteadiness and intermittency (Cai et al., 52 2008) . 53
The flow patterns in a street canyon under neutral meteorological conditions can be classified into 54 three main regimes (Oke, 1987) : isolated roughness, wake interference and skimming flow, 55 depending on the aspect ratio (AR, the ratio of building height H to street width W). Skimming flow, 56 which has been the subject of several studies and will be further investigated here, normally occurs 57 in the regular street canyons (0.7<AR<1.5) and deep street canyons (AR > 1.5) (Murena et al., 58 2009 ). A single primary vortex is formed within the regular street canyon (e.g. AR=1), which has 59 been extensively studied. Most studies only considered passive pollutants (i.e. non-reactive scalars). 60
However, vehicle emissions are chemically reactive, evolving on the timescale of typical canyon 61 circulation and residence times. Such chemical processes are expected to play a role in determining 62 abundance, alongside dispersion and transport, of reactive pollutants. carried out a RANS model of a regular street canyon (AR=1) using the same chemistry as the study 67 by Baker et al. (2004) . Both these studies showed that the chemistry is close to equilibrium within 68 the primary canyon vortex, but far from equilibrium at the canyon roof level where air exchange 69 between the canyon and the overlying background takes place. Kikumoto and Ooka (2012) 70 investigated the transport and dispersion of atmospheric pollutants within a regular street canyon 71 (AR=1) by using LES coupled with a bimolecular chemical reaction (O 3 + NO  product). They 72 found that NO x and O 3 have contrasted mechanism of transport and the correlation between the 73 reactants" concentration fluctuations strongly influences the reaction rates at the canyon roof level. 74 Kwak and Baik (2012) and Kwak et al. (2013) employed a RANS model coupled with the carbon 75 bond mechanism IV (CBM-IV) considering the chemistry of O 3 , NO x and volatile organic 76 compounds (VOCs) in idealized street canyons (AR=1,2). They found that both O 3 and OH 77 oxidation processes are of vital importance in the canyon-scale chemistry and that there are two 78 counter-rotating vortices in the street canyon with AR=2. According to Li et al. (2009) , there are 79 multiple vortices within a deep street canyon, which may create very poor ventilation conditions for 80 pollutants. Thus the dispersion of pollutants in a deep street canyon could be substantially different 81 from the AR=1 case, very complex in terms of both dynamical and chemical processing, and 82 deserves a thorough examination. 83
This study investigates the dispersion and transport of reactive pollutants in a deep urban street 84 canyon (AR=2). The LES methodology coupled with a simple chemical mechanism is employed as 85 described in Section 2. In Section 3, the results of the LES dynamical model are evaluated against a 86 
(2) 97 where the overbar (  ) represents the filtered quantity, i u (i=1,2,3) are the filtered velocities, 
For further analysis, the photostationary state (PSS) defect ps d (Baker et al., 2004) is defined: We may also define PO 3 as the ozone production rate associated with the VOCs chemistry under the 147 perfect mixing condition as follows. Atmospheric chemical reactions of hydro-and organic-peroxy 148 radicals (HO 2 and RO 2 ) with NO generate NO 2 through: 149
Considering a chemical equilibrium system with perfect mixing comprising Reactions (10)-(12), 152
(19) and (20), we obtain 153 A constant pressure gradient ( P  ) across the free surface layer (above the canyon) is imposed in 172 the x-direction to drive the atmospheric flow (perpendicular to the street axis), representing the 173 worst-case scenario for the dispersion of reactive pollutants within a street canyon (Li et al., 2008b) . 174
The prevailing wind speed f U is about 2.2 m s -1 and the Reynolds number
is the 175 order of 10 6 . For velocity components, the symmetry boundary condition is employed at the domain 176 top. Cyclic boundary conditions are specified in both the x-and y-directions. Therefore, the model configuration represents an infinite number of idealised street canyons along the x-direction and 178 each canyon is infinitely long in the y-direction, which is a good approximation of real street 179 canyons relevant to traffic management or urban planning. 180
Emissions sources are assumed to be two continuous line sources representing two lanes of traffic 181 located at 2.5 m from both sides of the canyon centre at not be fine enough across the shear-layer, and so some small eddies within the shear-layer and the 238 momentum exchange caused by these small eddies might not be resolved. Finally, these 239 discrepancies may be attributed to different averaging approaches. In the LES simulation, the 240 temporal and spatial averaging approach is adopted to derive the flow quantities. In the experiment, 241 these quantities were only measured on a middle vertical plane in the y-direction (Li et al., 2008a). 242 there are two counter-rotating vortices formed within the deep street canyon (AR=2). This is a 245 major difference from the single-vortex flow for a street canyon with AR=1 (e.g. Bright et al., 246 2013 ). The two-vortex mean flow was also found by other studies for AR=2 using RANS, e.g. 247 Kwak et al. (2013) , but their RANS model generated a larger lower vortex than the one found in the 248 water tank experiment and in the LES result here. It is also noted that the upper vortex is centred 249 lower within the canyon compared with the experiment. Also, the centre of the lower vortex is 250 shifted downstream closer to the windward wall compared with that of the upper vortex both in the 251 model and experiment. 252
Overall, the current LES simulation agrees well with the experiments in terms of the velocities, 253 turbulent intensities and vortex structure, which provides confidence that the simulated dynamics 254 within the canyon is reasonable. However, there are currently no suitable water-channel or wind-255 tunnel experiments to evaluate the dispersion of reactive species, especially in deep street canyons. 256 O x and NO/NO 2 on the leeward wall are higher (around 1.5 to 2 times) than those on the windward 297 wall within the upper part of the canyon, but lower (around 50% to 70%) within the lower part. This 298 indicates that traffic emissions are mainly trapped within the anti-clockwise lower vortex. For O 3 , 299 the situation is reversed with much lower values on the leeward wall (around 6 ppb) compared to 300 those on the windward wall (ranging from about 6 ppb to 20 ppb) within the upper part of the 301 canyon, but with slightly higher values (about 2 ppb difference) within the lower part. This is 302 attributed to ambient O 3 being brought into the upper part of canyon along the windward wall. It is 303 also noted that the concentration reduces with height by a factor of about 0.8 on the leeward wall 304 and by a factor of about 0.1 on the leeward wall for NO, NO 2 , NO x , O x and NO/NO 2 , but increases 305 by a factor of about 1.3 on the leeward wall and by a factor of about 5.5 on the leeward wall for O 3 . 306
Pollutant dispersion and transport
For the leeward wall, there is a sharp transition at the canyon roof level where each species rapidly 307 approaches its background level, and a small gradient in concentration within the canyon. (see Fig. 4h ) indicates a negative bias results at all locations, which is large compared with 341 measured free boundary layer / free troposphere ozone production rates [typically a few ppb h -1 , up 342 to 50 ppb h -1 in the most polluted regions, e.g. Mexico City (Wood et al., 2009) ]. This reflects the 343 fact that the PO 3 term effectively represents a small difference between two large quantities, such 344 that the impact of mixing may be very substantial. In fact, this effect (imperfect mixing in the 345 vicinity of NO x emission sources) is general, and so a systematic negative contribution to NO x -O 3 -346 steady-state derived ozone production rates will recur throughout the urban atmosphere, to an extent 347 dependent upon the local heterogeneity. 348
Development of a two-box model 349
The preliminary results from the LES model show the formation of two primary counter-rotating 350 vortices in the deep street canyon (AR=2), providing the potential to develop an alternative 351 simplified two-box model. By using a plane at the level of z/W=0.5 (or z/H=0.25), the deep street 352 canyon is divided into two boxes with the corresponding vortex inside each box ( Figs. 3 and 7) . It is 353 assumed that each vortex has sufficient intensity for the chemical species to be well-mixed within 354 the corresponding box (Murena et al., 2011) . The mass transfer between two adjacent boxes is 355 expressed by the introduction of an "exchange velocity". A one-box chemistry model has been 356 previously adopted by Liu and Leung (2008) to study reactive pollutant dispersion in street canyons 357 (AR=0.5, 1, 2), using the values of exchange velocity derived from LESs for different ARs. 358
Because they treated the whole canyon as one well-mixed box for all ARs, the model is unable to 359 reproduce the significant contrasts of pollutant concentration between the lower and upper canyon 360 as shown in Fig. 4 . In this study, a more complex box model (i.e. a two-box model) is adopted: 361 Fig. 8 ). There are apparent 376 fluctuations in the mixing ratios of chemical species inherent in the LES approach due to 377 dynamically-driven variability of large scale eddies and unsteady ventilation caused by the two 378 primary vortices in the canyon. The two-box model generally matches the LES approach with 379 respect to the mixing ratios for the lower box, but slightly underestimates for the upper box 380 compared with the LES results. This may attributed to the greater mixing for the lower vortex than 381 that for the upper vortex in the LES, indicated by the very small values for the PSS defects ( Fig. 4g  382 and Fig. 5g ). 383
Conclusions
384
The dispersion and transport of reactive pollutants in a deep urban street canyon (AR=2) has been 385 examined using an LES model coupled with simple NO x -O 3 photochemistry. It is observed that 386 there exist two vertically aligned vortices, agreeing reasonably well with a previous water channel 387 experiment. Reactive pollutants exhibit significant spatial variation caused by the two unsteady 388 vortices. Ground level sourced pollutants (NO x ) are found to be largely trapped within the lower 389 vortex with a maximum value of about 1100 ppb. The deviation from chemical equilibrium in the 390 upper vortex is much greater than that in the lower vortex. Imperfect mixing (reflected in non-zero 391 values for the PSS defect) results in negative apparent chemical ozone production, representing a 392 systematic error if such an approach is applied to obtain ozone production rates within a poorly-393 mixed environment close to NO x emissions sources. The substantial magnitude of the apparent 394 ozone loss rate, relative to those encountered in the wider boundary layer / free troposphere, further 395 suggests that even at some distance from fresh emissions, mixing-derived PSS defects may limit 396 this approach in inferring chemical ozone production. This study demonstrates an approach to 397 quantify parameters for a simplified two-box model, which could support traffic management and 398 urban planning strategy or personal exposure assessment. A challenging research task for future 399 study is to incorporate complex chemical mechanisms and consider various aspect ratios and wind 400 speeds. 401 
